Vascular anomalies are localized defects of vascular development. Most of them occur sporadically (ie, there is no familial history of lesions, yet in a few cases clear inheritance is observed). These inherited forms are often characterized by multifocal lesions that are mainly small in size and increase in number with patients' age. The authors review the known (genetic) causes of vascular anomalies and call attention to the concept of Knudson's double-hit mechanism to explain incomplete penetrance and large clinical variation in expressivity observed in inherited vascular anomalies. The authors also discuss the identified pathophysiological pathways involved in vascular anomalies and how it has opened the doors toward a more refined classification of vascular anomalies and the development of animal models that can be tested for specific molecular therapies. 
Introduction
Vascular anomalies are histopathologically characterized by a focal increase in the number of vessels that are abnormally tortuous and enlarged. This is likely due to localized defects in vascular development during vasculogenesis and especially during angiogenesis [1] . Vasculogenesis is defined as vessel growth from embryonic cells: hemangioblasts (mesoderm derived precursors) that give rise to angioblasts (endothelial precursors) and hemocytoblasts (blood cell precursors). Angioblast fusion takes place in "vascular islets" inducing the formation of the primary capillary plexus. During angiogenesis, this primary capillary system extends and matures. It involves both endothelial cell proliferation and mural cell recruitment to generate the fully developed and functional vascular and lymphatic trees [2] . The pathophysiological studies of vascular anomalies have been helped by the astounding parallel progress made in understanding the factors and regulation of the development of the lymphatic and vascular systems [1, 2] .
Several angiogenic factors, such as VEGFs (vascular endothelial growth factors), FGFs (fibroblast growth factors), PDGF-beta (platelet derived growth factor beta) and angiopoietins (ANGPT-1 and ANGPT-2) regulate angiogenesis. They activate precursor cells, and lead to migration, proliferation and differentiation of the primary capillary plexus. Vascular endothelial growth factors, angiopoietins and their endothelial tyrosine kinase receptors are central regulators of vasculogenesis, angiogenesis and lymphangiogenesis [2] .
Most vascular anomalies are sporadic, yet rare familial cases have been recorded. These forms have allowed to use molecular genetics for the identification of the underlying causes [3] . This molecular characterization of the inherited forms has subsequently led to hypothesize on the causes of the more common sporadic forms. In the first such extrapolation, this was shown to be true [4] . Thus, there is hope that in the near future, the molecular basis of vascular anomalies will be deciphered, allowing a precise classification of all of them. Moreover, some inherited forms have been proven to follow paradominant inheritance, which may be a general rule [1] . Thus, inhibition of second-hits may play a role in prevention of lesions in the familial forms. Finally, the data have laid the ground to develop specific in vitro and in vivo models of vascular anomalies. These can be used to characterize in detail the pathophysiological mechanisms and to develop novel specific treatments.
Hemangioma
The ethiopathogenesis of hemangioma of infancy (HI) still remains a mystery. Different hypotheses have been proposed, such as Human Papillomavirus Virus-8 infection, abnormal hormonal influence, and chorionic villus sampling [5] . Local hypoxia has also been suggested, as an initiating factor for proliferation [6] .
Many angiogenic factors are highly expressed in proliferating hemangiomas [7, 8] . In contrast, the vascular endothelial growth factor receptor 1 (VEGFR1; FLT1) is regularly downregulated [7] . The lack of this decoy receptor results in persistent activation of VEGFR2 by VEGF. The VEGFR1 downregulation seems to be due to amino acid substitutions in VEGFR2 and in the tumor endothelial marker-8 (TEM8), an integrin-like receptor, at least in some cases, although these changes are not specific to hemangioma patients. Normalization of VEGFR2 signaling with soluble VEGFR1, or by other means, may become an effective treatment [7] .
To date, we know that endothelial cells from proliferating hemangiomas show patterns of X chromosome inactivation suggestive of clonal origin [8, 9] . Bischoff and co-workers reported that hemangioma endothelial cells (hemECs) and hemangioma endothelial progenitor cells (Hem EPCs), both present in hemangiomas, are immature and share features with cord blood ECs, and are able to recapitulate hemangiomas in nude mice [10] [11] [12] [13] . HemECs express genes that are expressed by placenta, umbilical cord, and bone marrow stem cells. One of them, the glucose transporter protein GLUT-1, has become a marker for histopathological diagnosis of hemangiomas [14] . Thus, it could be that hemangiomas are the result of a localized abnormal proliferation of progenitor cells, which preferentially occurs in children with predisposing genetic variants. Yet, the triggering factor(s) for such growth remain unknown. New clues may come from hemangiomas being part of a polymalformative syndrome, such as PHACES (Posterior fossa malformation, facial Hemangioma, Arterial anomalies, Cardiovascular anomalies, Eye anomalies and Sternal anomalies) [15] .
Venous malformations
Venous malformations are classified into sporadic venous malformations (VM), dominantly inherited cutaneomucosal venous malformations (VMCM), and dominantly inherited glomuvenous malformations (GVM). They account for 94%, 1% and 5% of venous anomalies, respectively. No sex preponderance has been observed [3, 16] .
Sporadic venous malformation is the most common referral to specialized centers for vascular anomalies, as they often cause functional impairment, organ dysfunction, esthetic disfigurement, and can sometimes threaten life [3, 4, 16] . They are present at birth, never regress and grow proportionately with the child. VMs tend to enlarge during puberty and pregnancy, and can become symptomatic [17] . Pain at awakening, after activity or with temperature variation are commonly experienced [17] .
Local intravascular coagulation (LIC), characterized by elevated D-Dimer level with normal fibrinogen level, is present in almost 50% of patients with a venous malformation [18, 19] . This coagulopathy can cause acute pain and the formation of thrombi, which often calcify and form pathognomonic phleboliths [18, 19] . Severe LIC (elevated D-Dimer level with low fibrinogen level) is often associated with extensive VM of the extremities [19] . This coagulopathy can decompensate into disseminated intravascular coagulopathy (DIC) during surgery and cause severe hemorrhage, if not treated with low molecular weight heparin. Therefore, measurement of this specific biomarker should be done as a routine test for every VM. Moreover, it can help to differentiate VM from GVM and other vascular anomalies with normal D-Dimer level.
VMCMs are clinically characterized by small (less than 5 cm in diameter), multifocal and hemispherical bluish lesions. They mainly involve skin and oral mucosa, but can also invade superficial muscle, GI tract, lungs and brain [17, [20] [21] [22] . VMCMs are often asymptomatic and family members can be unaware of their lesions. They are inherited as an autosomal dominant trait with high penetrance. Genome-wide scans permitted to identify the mutated gene, TIE2/TEK, located on 9p21-22 [20, 21] . The most common mutation causes an Arg849-to-Trp substitution (R849W) in the intracellular kinase domain of the membranebound tyrosine kinase receptor [21, 22] .
Expression analysis of the R849W mutant receptor showed that this mutation causes a 6-10 fold increase in autophosphorylation of the receptor [21] . So far, eight hyperphosphorylating mutations have been identified, R849W being the most common with an incidence of 60% [16, 20, 22, 23] . TIE2 signaling pathway is crucial for angiogenesis and vascular maturation [4, 20] . The receptor substitutions affect intracellular signaling thereby altering endothelial migration, vascular sprouting, maturation and stability [16, 20] . Because VMCMs are localized, but caused by an inherited predisposition, modifying factors must exist. We hypothesized that this could be a somatic second-hit mutation in the same gene [21] . In one resected VMCM, we identified a somatic second hit in the normal allele of TIE2, in addition to the inherited TIE2 mutation [16] . This is analogous to the Knudson's double-hit hypothesis for retinoblastoma [24] and suggests that the inherited form of venous malformation (VMCM) needs a somatic alteration to eliminate the protective wild-type TIE2 allele before the inherited mutation can induce the development of a VMCM lesion ( Figure  1 ) [16] .
Encouraged by this finding, we decided to look for implication of somatic TIE2 mutations in sporadic VMs, and identified them in 50% of lesions [4] . These mutations differ somewhat from the inherited ones that cause VMCM. The most common one, L914F, accounts for 85% of lesions, and has not been observed as an inherited mutation, suggesting that it causes lethality, when germline [4, 16] . The other 20% are caused by pairs of double mutations that always occur together on the same allele [4] . All the mutations cause hyperphosphorylation of the TIE2 receptor and render TIE2 an interesting target for future therapies [4, 16] .
Glomuvenous malformations clinically resemble VMs (Figure 2A ,B,C) [17] . Most of them (at least 70%) are inherited as an autosomal dominant disorder [3, 17, [25] [26] [27] [28] [29] . Like most inherited lesions, they are multifocal, small and new lesions can occur with time. In contrast to VMCMs, GVMs are more bluish-purple, hyperkeratotic and with a cobblestone appearance [17] . Classically, GVMs involve skin and subcutis, and rarely mucosa. Extremities are often affected. Pain on palpation is pathognomonic [3, 17] . No sex preponderance is noted.
Like for VMCM, there is a large inter-familial and intra-familial variability in size, color and location of lesions, suggesting that the inherited mutation alone is not sufficient for the phenotype to occur. This clinical variability may hinder diagnosis, as some patients may have a single, small lesion, which does not evoke the physician to think of GVM ( Figure  2B ). Moreover, another family member may have a large lesion covering a whole extremity or for example the thorax, which the patient does not necessarily think of being expression of the same disorder as the tiny blue spot of a relative. Thus, when physicians ask on familial history of the disease, the patients likely answer is: none! In addition, GVM can also present as a large, plaque-like lesion in the childhood, reminiscent of a capillary malformation [25] . Thus, identification of GVM, as all other rare inherited vascular anomalies, needs detailed questioning of family history and evaluation of lesions.
Histologically, GVMs have a variable number of pathognomonic, abnormally differentiated vascular smooth muscle cells (vSMCs), known as "glomus cells" [26, 28] . GVM is linked to 1p21-22 and is caused by loss-of-function of glomulin [27, 29] . Interestingly, 75% of patients with GVM can be genetically diagnosed by screening one of the eight common glomulin mutations [27] [28] [29] . Like for VMCM, a somatic second-hit mutation has been identified in a GVM tissue of a patient, who also carried an inherited glomulin mutation [21] . Therefore, GVM follows paradominant transmission, and a complete localized loss of glomulin needs to occur for GVMs to develop [16, 20, 21] .
Little is known of glomulin function. Glomulin (FAP68) seems to alter vascular smooth muscle cell phenotype, probably via the transforming growth factor beta (TGFb) and/or hepatocyte growth factor signaling pathways, as glomulin has been demonstrated to bind the HGF receptor and one of the TGFb receptor binding proteins [30, 31] . In our laboratory, we have generated glomulin +/− and −/− mice. The heterozygotes are phenotypically normal, whereas the homozygous knock-outs are embryonic lethal (Brouillard et al., unpublished) . This underscores the paradominant inheritance in families. Patients have homozygous loss-of-function only locally in the lesional cells, whereas the rest of the cells of the patients are heterozygous, and thus phenotypically normal (Figure 1 ). The glomulin knock-out mice now serve to study the detailed pathophysiological mechanisms, and eventually development of therapies.
Capillary malformations
Capillary malformations (CMs) or "port-wine stains" are flat, reddish lesions, which typically affect the head and neck. The reported incidence is 0,3% of newborns [32] . In most cases, they occur as a sporadic unifocal lesion. Similar birthmarks, called "salmon patch", "angel's kiss" and "nevus flammeus neonatorum" are more common and fade progressively in contrast to CMs, which darken with age [3] . Histologically, cutaneous capillary-like vessels are dilated and/or increased in number and size [33] .
Inherited CMs have also been identified, leading our group to discover a new distinct subentity: capillary malformation -arteriovenous malformation (CM-AVM), characterized by autosomal dominant transmission [34, 35] . Clinically, CMs of CM-AVM are different from common CMs, being smaller and multifocal (Figure 3) , and often surrounded by a pale halo [35] [36] [37] (Figure 3A ). These lesions are associated in 30% of patients with fast-flow vascular malformations: arteriovenous malformation ( Figure 3B ), arteriovenous fistula or Parkes Weber syndrome [35] [36] [37] [38] . The majority of the fast-flow anomalies (80 %) are located in the head and neck region [16, [35] [36] [37] [38] . Phenotypic heterogeneity, multifocality of lesions, and incomplete penetrance, which reaches its maximum by about 20 years of age, all suggest additional, local events to play a role; signs of paradominant inheritance.
We have also identified the causal gene RASA1 on chromosome 5q13-22 [34] [35] [36] [37] [38] . Dysfunction of the RASA1 gene, which encodes p120-RasGTPase activating protein (p120-RasGAP), a homologue of the gene causing neurofibromatosis (NF1), modifies the Rassignaling pathway [39] . In normal circumstances, p120-RasGAP represses Ras/MAPKsignaling pathway [40] . In CM-AVM patients, prolongued Ras/MAPK activation occurs after activation by various receptor tyrosine kinases on the cell surface, leading to altered cellular growth, differentiation and proliferation [40] . With the generation of in vitro and in vivo models for testing, modulators of the Ras-signaling pathway may become future therapies.
Hereditary Hemorrhagic Telangiectasia (HHT) or Osler-Weber-Rendu syndrome is an autosomal dominant disorder [41] . Patients have variable clinical signs and symptoms, but almost invariably spontaneous and recurrent epistaxis secondary to nasal telangiectasias. Cutaneous and mucosal telangiectasias are frequent, and seen in association with arteriovenous malformations (AVM) in the lung (30-50% of patients), the liver (40%), the gastrointestinal tract (15%-30%) and in the brain (5-20%). AVMs in the liver rarely bleed, but are occasionally responsible for heart and liver failure.
Telangiectasias are focal dilatations of post-capillary venules. They are also seen in Cutis Marmorata Telangiectatica Congenita (CMTC), and Ataxia Telangiectasia (AT) [3] . The Curaçao diagnostic criteria were defined by the HHT International Foundation to help the clinician in the diagnosis of HHT. The diagnosis is definite, when 3 or more of the features are present, possible or suspected, when 2 findings are present, and unlikely, with fewer than 2 findings. Genetic diagnostic test can also be helpful [41] . Mutations in three genes have been identified: in endoglin (ENG) (HHT1 on 9q33-34) [42] [43] [44] , in activin receptor-like kinase1 (ACVRL1) (HHT2 on 12q11-14) [45, 46] , and in SMAD4, localized on chromosome 5 (JPHT; HHT associated with juvenile polyposis) [47, 48] . Two additional chromosomal loci are known, but the genes have not yet been identified (HHT3 on 5q and HHT4 on 7p14) [41] . More than 150 ENG mutations and 120 ACVRL1 mutations have been identified [3, 41] . A useful genotype-phenotype correlation exists. HHT1 is more commonly associated with AVMs in the lung, whereas patients with HHT2 likely have hepatic AVMs [41] . However, since genes for HHT3 and HHT4 have not yet been identified, a negative genetic result does not rule out the diagnosis. Moreover, paradominant inheritance, in which the subject inherits from an affected parent a germline mutation, which becomes significant only when a second mutation affects the other allele, may also apply to the multifocal, localized telangiectasias and fast-flow lesions of HHT (Figure 1 ).
Angioma serpiginosum
Angioma serpiginosum is a progressive, patchy CM [49] characterized by dilated capillaries following Blaschko's lines, associated with mild nail and hair dystrophy [50] . Typical lesions begin in childhood, involve extremities and are often asymmetric [51] . Clinically, only incomplete blanching is obtained on pressure. In several cases, papillomatosis of the esophagus is found [50] . This rare congenital cutaneous disorder results from X-linked dominant transmission, localized on Xp11.3-Xq12 [50] . This locus includes five genes, PORCN being one of them [52] . Dysfunction in this gene causes Goltz-Gorlin syndrome, characterized by focal dermal hypoplasia, esophageal papillomas, and eye and skeletal anomalies [53] . The resemblance suggests that angioma serpiginosum, in association with papillomatosis of oesophagus, is a variant of Goltz-Gorlin syndrome.
Cerebral cavernous malformation
Cerebral cavernous malformations or cerebral capillary malformations (CCMs) involve the brain, the eye and the spinal cord [54] . Histologically, CCMs are composed of capillary-like vessels and large saccular vessels with fibrotic walls [55] . Clinically, patients can be asymptomatic or complain about headaches and epilepsy, and cerebral bleeding can occur [54, 55] . CCMs can be inherited as an autosomal dominant disorder (20% of patients), although the majority are sporadic [55] . Four chromosomal loci have been identified [55] : CCM1 (7q21-q22), with mutations in KRIT-1 (KREV1 interaction trapped 1) [56] [57] [58] , CCM2 (7p15-p13), with mutations in malcavernin [59, 60] , and CCM3 (3q25.2-27), with mutations in PDCD10 [61] . A fourth gene has been suggested to exist on the same 3q26.3-27.2 locus (CCM4) [62] . CCM1 represents almost 40% of inherited cerebral cavernous malformations and more than a hundred mutations have been identified in KRIT-1 [55, 63] . Interestingly, the vast majority of all CCM mutations lead to a premature termination codon suggesting loss of function of the respective protein. Only four missense mutations have been reported in CCM1 [63] .
Cutaneous vascular malformations are seen in 9% of patients with CCM [64] [65] [66] [67] . There are three distinct phenotypes: hyperkeratotic cutaneous capillary-venous malformation (HCCVM)(39%), capillary malformation (CM)(34%) and venous malformation (VM)(21%) CCM [64] [65] [66] [67] . The high frequency of KRIT1 mutations (87%) in CCM patients with cutaneous vascular malformations suggests that KRIT1 has an important function also in cutaneous angiogenesis [65] [66] [67] . No HCCVM, CM or VM were detected in patients with CCM2 mutation, whereas VMs were sometimes observed both in CCM1 and CCM3 patients [65] [66] [67] . Therefore, the presence of a cutaneous vascular malformation may be a clue for detecting CCMs, with the specific molecular diagnosis.
CCMs, like VMCMs and GVMs, are likely due to paradominant inheritance. Somatic second-hits have been identified in a small number of lesions for the three CCM genes [68] [69] [70] , suggesting, localized, complete loss-of-function of one of the CCM proteins to take place. Thus, our hypothesis that the clinical variability in patients with inherited vascular malformations may be explained by Knudson's double-hit theory [22] seems to be true for a number of them. The difficulty encountered in the identification of the second hits in CCM is likely due to high tissular heterogeneity, as observed for sporadic venous malformations [4] .
In vitro and in vivo studies have helped to unravel the function of CCM proteins. CCM1 is expressed in astrocytes, neurons, epithelial and endothelial cells [71] , whereas CCM2 is expressed in mesenchymal and parenchymal vessels [72] . CCM proteins act as a scaffold and function in a complex [72] [73] [74] [75] [76] . KRIT1 also interacts with the β 1 integrin cytoplasmic domain associated protein 1 (ICAP-1α), which is implicated in the regulation of cell adhesion and migration [72] . In return, ICAP-1α is able to sequester KRIT1 into the nucleus [72] . In contrast, the phosphotyrosine-binding domain of CCM2 is able to sequester KRIT1 in the cytoplasm [73] . Thus, ICAP-1α and CCM2 are implied in the same signaling pathway and both are able to sequester KRIT1 [55, 76] .
KRIT 1 − / − embryos die during gestation due to defective vascular development [77] . Conditional endothelial deletion of CCM2 affects angiogenesis leading to massive heart and blood vessel defects, and to embryonic death [73] . In contrast, neuroglial specific deletion does not lead to cerebrovascular defects [73] . This underscores the endothelial function of the CCM proteins, and the paradominant effect in CCM patients. Interestingly, CCM2 is the human ortholog of OSM, a Osmosensing Scaffold for MEKK3 [75] . OSM interacts with the p38 mitogen activated kinase pathway (p38MAPK) in response to osmolarity stress, which is a crucial mediator of cellular survival. As CCM3 interacts with CCM1 and CCM2, a multifaceted signaling complex is constituted by the three CCM proteins and seems to be involved in several cellular functions, including homeostasis of cell-cell junctions and cytoskeletal remodeling [76] .
Whitehead and Li suggested statins for treatment of CCMs to stabilize blood vessels. They based their hypothesis on the observation that without CCM2, vascular endothelium is misformed and leads to dilated, leaky blood vessels. This coincides with, increased Rho activity, which regulates endothelial formation. As Simvastatin injection is an inhibitor of Rho activity, it may become a potential treatment for CCMs [78] .
Lymphatic malformations
Lymphatic malformations (LMs) are also focal lesions. Genetic approach has not been possible, as LMs occur sporadically, with no evidence for inheritance. This suggests that the potential genetic causes may be somatic events, which when in germline, are incompatible with life [3] . The etiology remains unknown. In contrast, genetic analysis of inherited primary lymphedema has unraveled key regulators and molecular pathways involved in lymphangiogenesis [3, 16] .
Lymphedema
Lymphedema is a defect of lymphatic drainage, characterized by the accumulation of lymphatic fluid in the interstitial space, classically involving the lower extremities. It is divided into primary (due to unknown cause) and secondary (due to a known cause, such as infection and surgery). Primary lymphedema is further subdivided according to age at onset, into congenital, pubertal and late-onset lymphedema [79] . Five aberrant genes have been identified [16, [80] [81] [82] [83] [84] .
Familial congenital lymphedema, Nonne-Milroy syndrome, is inherited as an autosomal dominant trait, and maps on 5q34-35. It is caused by dominant missense mutations in the tyrosine kinase domain of the vascular endothelial growth factor receptor 3 (VEGFR3; also known as FLT-4), a crucial regulator of lymphatic development [2, 80] . Lymphedema in this syndrome is principally present on lower extremities, from toes upwards to the hips. Most patients have lymphedema limited below the knees and less than 30% have associated hydrocele, large caliber leg veins (23%), cellulitis (20%), curled toenails (10%) or papillomatosis (10%) [85] . This congenital lymphedema seems to evolve slowly.
Interestingly, de novo dominant VEGFR3 mutations have also been identified in patients with congenital lymphedema without family history [86, 87] . Thus, clinically the diagnostic criteria of Nonne-Milroy syndrome are not fulfilled. Yet, the molecular cause is the same, demonstrating how molecular classification can help in identifying patients with the same etiopathogenic underpinning, even if clinical criteria are different. Furthermore, dominant VEGFR3 mutations have been identified in patients with sporadic hydrops fetalis/ generalized fetal edema [87] . Although associated with a high-risk of mortality, the presence of a VEGFR3 mutation appears to be a good sign for prognosis, as most of the few so-far reported, had in utero resorption of the lymphedema, leading to a limited lower extremity lymphedema present at birth [87] .
In addition to Nonne-Milroy syndrome, with dominant transmission, a specific VEGFR3 amino-acid mutation has been found in a family with recessive inheritance of lymphedema [88] . Consanguinity between the healthy parents of the affected child was the clue to the discovery. The large clinical variability in patients with proven VEGFR3 mutations illustrates how important it is for the clinician to be alert of various signs that may lead to the precise, molecular diagnosis, which will likely be the basis for therapeutic choices in the future.
Puberty-onset lymphedema, Meige's disease becomes evident around puberty and represents 80% of primary lymphedema. One third of the patients have a familial predisposition [89] . Genetic analysis revealed mutations in the FOXC2 gene, located on chromosome 16q24.3 [81] . These mutations cause lymphedema often associated with distichiasis (presence of an extra row of eyelashes), and sometimes with ptosis, yellow nails, syndactyly, cleft palate and cardiac septal defects [3, 81] .
FOXC2, a transcription factor, has several functions. One of them is to regulate angiogenesis by controlling the expression of target genes, such as Ang-2 [90] , integrin β 3 [91] , D114 and Hey-2, via interaction with VEGF-Notch signaling pathway in endothelial cells [92] . FOXC2 also inhibits secretion of PDGFβ, which is overproduced by lymphatic collecting ducts in Meige's disease. This overproduction increases vascular smooth muscle cell recruitment, abnormal mural tone and lymphatic dysfunction [93] .
Hypotrichosis-Lymphedema-Telangiectasia (HLT) is a rare condition characterized by sparse hair, lymphedema and cutaneous telangiectasias. Both recessive and dominant transmission is possible. This syndrome is caused by mutations in the SOX18 gene, in 20q13.33 [83] . The dominant nonsense mutation is located in the transactivation domain, whereas the homozygous recessive substitutions are in the DNA-binding domain [83] . Arrival to the diagnosis is not easy, as the lack of hair is not evident at birth, the age at onset of lymphedema is variable, and the telangiectasias may be mild and localized.
Hennekam syndrome is another rare form of lymphedema, characterized by extensive peripheral lymphedema, with visceral involvement, mental retardation and unusual, flat face, hypertelorism and broad nasal bridge [94] . Hydrops fetalis can also been seen. This phenotype is severe causing significant morbidity and mortality. Both autosomal recessive and dominant transmission of the Hennekam syndrome are possible [84] .
Genetic analysis in zebrafish identified the Ccbe1 gene (Collagen and calcium-binding EGF domain) to be required for lymphangiogenesis [95] . The zebrafish Ccbe1 mutants are devoid of parachordal lymphangioblasts and lymphatic vessels. Zebrafish Ccbe1 is expressed along the migration routes of endothelial cells, suggesting a role in cellular guidance. Patients with Hennekam syndrome have either homozygous or a combination of two different heterozygous recessive mutations in CCBE1, localized on 18q21.32 [84, 96] .
Other rare forms of familial lymphedema include Osteoporosis Lymphedema Anhydrotic Ectodermal Dysplasia with Immunodeficiency (OLEDAID), which becomes evident during childhood and results from a premature termination codon mutation in the NFκB essential modulator (NEMO). The gene on Xq28, encodes NEMO, which moderates NFκB activation. So far, only two patients have been reported [82] .
Another type of Primary congenital resolving lymphedema was reported in one Pakistani family. This autosomal dominant form of congenital lymphedema with reduced penetrance maps to 6q16.2-q22.1 [97] . Although the gene has not been unraveled, it is clearly a novel regulator of lymphatic function.
Aagenaes Syndrome or Hereditary Lymphedema Cholestasis (HLC) is a recessive disorder, which occurs in families with consanguinity [98, 99] . It typically appears during childhood. Extended lymphedema of the lower extremities is associated with malabsorption, growth retardation, rickets, cholestatic jaundice and hepatomegaly. Lymphedema may be complicated by infections. The implicated gene is unknown, but mapped to 15q. Like the one for primary congenital resolving lymphedema, it is likely an important regulator of lymphatic development and/or function [99] .
Concluding remarks
Vascular malformations classically present autosomal dominant transmission. However, it is necessary to perform careful clinical questioning of familial history, and examination of the patient and his/her parents for detecting this. There is large clinical variation in signs and symptoms, and lesions can be small enough to be overlooked hindering identification of familial inheritance [17, 21, 22, 35, 36, 55, 86] . Classically, the index patient, the one that seeks medical advice, is the most severely affected, and thus, family members' insignificant lesions are not even thought to be of the same pathology. This is an important reason for patients to deny familial history of their disorder.
Though dominant inheritance by pedigree analysis, the molecular mechanism often seems to involve paradominance. This means that the inherited mutation is accompanied at various time points of development of the fetus and the child, by secondary mutations on the second allele of the same gene in the dividing cells. Such somatic mutations are common, nonhereditary, and lead to localized, complete abolishment of normal gene function. This phenomenon logically explains why inherited vascular malformations are localized, multifocal, of variable size and increase in number by age [3, 4, 22, 29, [68] [69] [70] . This discovery has opened the door for unraveling the causes of the non-hereditary vascular malformations as well.
The identification of the underlying genetic mutations in different families and disorders are crucial starting points to better understand the pathophysiologic mechanisms that play a role in the development of vascular anomalies. This also enables more accurate diagnosis, which in time, will lead to a more precise evaluation of prognosis and development of treatments. Moreover, unraveling the pathophysiological mechanisms of vascular anomalies allows to unravel key regulators and pathways implicated in angiogenesis. 
